With the extensive use of power electronics converters, harmonic oscillation issues in the multiparalleled grid-connected inverter system have drawn much attention. Apart from the stability analysis using the impedance-based stability analysis method, the interaction analysis is aimed at revealing the changing process of the system state under the variation of some parameters such as the grid impendence, the number of grid-connected inverters and the control parameter of the inverter current control, etc. In this paper, after comparing the ratio type stability criterion and the sum type stability criterion, the interaction analysis using global admittance is presented in two frequency-domain dimensions. It shows that the harmonic instability depends on both the imaginary part of global admittance which determines the appearance of the resonance point and the real part of global admittance which reflects the property of such resonance point. The essence of this approach is to reveal the appearance of the resonance point and its influence on the system stability. The inherent changing rules of the resonance point are illustrated in the following typical occasions: different grid impendence, different number of grid-connected inverters and different control parameters of the current control loop. Finally, detailed simulations and experimental results validate the effectiveness of the proposed approach.
I. INTRODUCTION
The grid-connected inverters are extensively applied in electrical grids ranging from renewable energy systems [1] , [2] , energy storage systems [3] , [4] to electric railway systems [5] , [6] to improve the capacity and reliability of systems. However, the large-scale adoption of inverters may cause interactive resonant current and resonance problems [7] - [9] . The interactions of the control system for inverters with each other and with passive components such as grid impendence may trigger small-signal oscillations [10] , [11] . There are two The associate editor coordinating the review of this manuscript and approving it for publication was Amin Hajizadeh. typical small-signal stability issues which are low-frequency oscillations and the harmonic stability problem. The former one is mainly caused by the phase-locked loop (PLL) for gridconnected converters [12] , [13] and the interactions among the slow outer power control loops [14] , [15] , while the latter one, resulting from the interactions among the fast inner current or voltage loops, may trigger system resonance at the harmonic frequency [16] . This paper only focuses on the harmonic instability issues. Thus, the low frequency oscillations can be neglected since the dynamics of outer control loops and PLL are designed much slower than the inner control loops [17] , [18] . VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ There are two common analytical approaches for the harmonic stability problem: the eigenvalue-based analysis and the impedance-based analysis [19] , [20] . The eigenvaluebased approach using the state-space modeling is normally implemented in the time-domain [21] . It can identify the system oscillation modes and the contributions for different state variables [22] , [23] . However, due to the requirements of detailed information of each inverter and system parameters, this method cannot be readily used in some occasions [24] , [25] , and it requires a large amount of calculation [20] .
By contrast, the system stability can be analyzed in the frequency-domain by the impedance-based analysis [17] , [26] , [27] , originally used in the dc power system [28] , [29] and then applied in the ac power system to analyze the interactions and stability issues [30] , [31] . The gridconnected inverter system can be modeled as two subsystems, which are a current source in parallel with an output admittance, representing the inverter, and an ideal voltage source in series with a grid impedance, representing the grid [32] . Hence, the system stability can be obtained by using Nyquist stability criterion. Compared with the state-space model, the impedance-based approach no longer requires the formulation of system matrices [16] and detail information of system parameters [20] .
In order to analyze the stability of the multi-paralleled grid-connected inverter system, the ratio type impendencebased stability analysis using minor loop gain (MLG) [18] or the global minor loop gain (GMLG) [33] are proposed. Apart from the ratio type approach, Liu et al. [34] proposes a sum type criterion, judging the system stability by checking whether the Nyquist plot of the sum of all units impedance encircles (0, 0) point. It can avoid the requirement of the information of right-half plane poles. Similarly, a global admittance-based stability criterion is proposed in [35] and the stability can be predicted based on the frequency characteristics of global admittance. In addition, the positive-netdamping stability criterion [36] , [37] , analyzing resonance instabilities in feedback systems, is also an effective way. These methods can analyze the harmonic stability problem conveniently. However, the interaction analysis, which is utilized to represents the changing process of the system state under different occasions has not been fully discussed. The stability analysis based on admittance characteristics is discussed briefly in [38] , where the inherent principles have not been revealed.
In this paper, the comparison between the ratio type criterion and the sum type criterion is carried out and the advantages of the sum type criterion for the interaction analysis are presented. The interaction analysis using global admittance in two frequency-domain dimensions is implemented and it emphasizes the influence of the resonance point on system stability. By dividing the global admittance into two parts, which are the imaginary part and the real part, it reveals that the system stability is not only related to the system damping, but also determined by the resonance point. The appearance of the resonance point and its influence on system harmonic instability are revealed. In addition, by analyzing specific features of two parts, it reflects the impact of the variation of each component on system stability and finds the rules of the variation. Hence, it can not only provide more specific guidance for resonance suppression but is helpful to make stability-oriented design guidelines for inverters as well.
The system description and modeling are described in section II, where the ratio type criterion and the sum type criterion are presented briefly and the comparison between these two types of criteria is conducted. The interaction analysis based on global admittance is implemented in section III. Finally, time-domain simulations and experiments are performed in section IV in order to verify the validity of the proposed method. 
II. STABILITY ANALYSIS METHODS FOR THE MULTI-PARALLELED GRID-CONNECTED INVERTER SYSTEM
A. SYSTEM DESCRIPTION AND MODELING Fig. 1 illustrates a typical single-phase multi-paralleled gridconnected inverter system, where inverters are connected to the PCC, and a capacity-variable power factor correction (PFC) device is installed at the PCC. In such a system, the mutual interactions between the current control loops of inverters through the grid impedance may lead to stability problems. Again, this paper only focuses on the harmonic stability issues instead of the low-frequency oscillations. Only the inner current control loops are modeled, while impacts from the outer control loops and PLL can be neglected.
The current control loop of the ith inverter is shown in Fig.  2(a) , where the PR controller is usually used as the current controller and the delay unit is usually caused by the computation and PWM. Z f ,i , Z c,i , and Z g,i are the impedances for the inductor and the capacitor of the LCL filter. On the basis of Fig. 2 (a) , the Norton equivalent model of the ith inverter can be drawn in Fig. 2 (b) , which is shown as a controlled current source with a parallel parasitic admittance to the PCC. I ref ,i and I g,i are the reference current and the output current for the ith inverter, G c,i represents the closed-loop gain of current loop and Y oc,i represents the output admittance seen from the PCC. The detailed derivation can be found in [39] .
According to Fig. 2 , the output admittance of the inverter can be derived as: where G d (s) is the time delay in the digital control, G PR (s) is the PR controller, Y LCLg (s) and Y LCLi (s) are the frequency behavior of the LCL filter, which are expressed as:
where ω 0 is the fundamental frequency.
By substituting inverters with the Norton equivalent circuits, the multi-paralleled grid-connected inverter system shown in Fig.1 can be derived to the equivalent circuit shown in Fig.3 . 
B. RATIO TYPE STABILITY CRITERION
The ratio type criterion has been well discussed in many papers. There are two well-developed ratios: the minor loop gain (MLG) and the global minor loop gain (GMLG).
The MLG proposed in [18] is defined as the ratio between a single inverter output admittance and the combined admittance of grid, PFC device and all the other inverters. The MLG and the grid-injected current of the ith inverter are be expressed as
The MLG of single inverter reveals the complex coupling relationship between it and other inverters in the weak grid. On this basis, the GMLG proposed in [33] examines the interactions between all inverters and the weak grid from a global perspective. The GMLG of the whole system is defined as the ratio between the admittance of all inverters and the grid admittance combined the admittance of the PFC device, which can be expressed as
Thus, the total current from all inverters can be calculated and is derived as
According to (7) and (9), the stability of the multiparalleled grid-connected inverter system is determined by the number of right-half plane zeros (RHZ) of the denominator 1+MLG i or 1+GMLG. The classical Nyquist stability criterion can be applied and the system stability can be judged by determining whether the Nyquist curve of the MLG i or GMLG encircle the critical point (-1, j0).
C. SUM TYPE STABILITY CRITERION
Compared to the ratio-based stability criterion, the sum type criterion is another effective approach. It is verified in [34] that two types of stability criterion are equivalent and both valid to evaluate the stability of some cascaded systems, while the sum type criterion is even more convenient in some special cases.
The global admittance-based criterion is proposed in [35] , where the GA is defined as the summation of all the admittance in the grid-connected system, which can be expressed as:
The grid-injected current of ith inverter can be further expressed as:
Similarly, the number of RHZ of the denominator Y total determines the system stability and can be estimated by counting the number of times the trajectory of Y total encircles the point (0, 0). Main features of two types of impendence stability criterion are given in Table 1 . Table 2 summarizes main parameters for a typical powerelectronics-based system with two grid-connected inverters. The Nyquist plots and Bode plots of MLG i , GMLG and GA are drawn in Fig. 4 , and the stability of the whole system can be assessed in the frequency domain with two types of stability criteria It can be seen from Fig. 4 (a) of <I> that the denominator of MLG i dose not have the right-half-plane zeros, thus there is no right-half plane poles (RHP) of MLG i . Since there is also no right-half plane poles (RHP) GMLG, the Nyquist plots of each MLG i and GMLG encircle (-1, j0), as shown in Fig. 4 (a) of <I> and <II>, indicating that the number of RHZ of 1+ MLG i and 1+ GMLG derived in (7) and (9) are not zero. Hence, the system is unstable according to ratio type criterion. It can also be seen in Bode plots from Fig. 4 (b) of <I> and <II> that the phase of MLG i and GMLG when magnitude equal 0dB are lower than -180 • . Therefore, due to the negative phase margin of MLG i and GMLG, the same conclusion can be obtained.
D. COMPARISON BETWEEN DIFFERENT CRITERIA IN FREQUENCY DOMAIN
However, there are some differences when adopting sum type criterion. The unstable system can be seen from case III of Fig. 4 (a) of <III> as the Nyquist curve encircles the origin (0, 0), which means the number of RHZ of Y total is not zero. It can be seen from Fig. 4 (b) of <III> that the sign of instability from Nyquist plot to Bode plot is a step change from -180 • to 180 • in the phase frequency response curve. This step change is corresponding to the crossing point of the Nyquist curve with the negative real axis. As the phase step change is an obvious and direct sign of an unstable system, the Bode plot of GA is more suitable for the stability judgement.
III. INTERACTION ANALYSIS USING GLOBAL ADMITTANCE IN TWO FREQUENCY-DOMAIN DIMENSIONS A. DESCRIPTION OF THE PROPOSED METHOD
According to the definition of global admittance, the system can be regarded as a RLC resonant circuit. Based on the global admittance-based stability criterion, the imaginary part of Y total is zero at the intersection point of the Nyquist plot and real axis [35] . Therefore, such interaction point can be defined as the resonance point and the real part of the resonance point is defined as the resonance damping factor (RDF) R d , which is able to reflect the system damping and is expressed as:
Therefore, the sign of R d can also be applied to the stability judgment. If R d is negative, the Nyquist plot would encircle the origin (0, j0), which represents the system is unstable. By contrast, the positive value of R d means that there is no encirclement around (0, j0) and the system is therefore stable. Further, the system is more stable when R d is larger.
In order to reveal the influence of resonance point and the changing rules under different occasions in detail, the interaction analysis using global admittance in two frequencydomain dimensions needs to be implemented. Dividing the global admittance into two dimensions which are the real part and the imaginary part, which can be expressed as:
where 
where R d (jω) and X d (jω) are the real part and the imaginary part of Y total (jω). R oc,i (jω) and X oc,i (jω) are the real part and the imaginary part of Y oc,i (jω). R g (jω) and X g (jω) are the real part and the imaginary part of Y g (jω). R PFC (jω) and X PFC (jω) are the real part and the imaginary part of Y PFC (jω).
The global admittance has two properties which are the susceptance X d and the conductance R d , reflecting the appearance of the resonance point and the system state at the resonance point respectively. Therefore, the system is unstable if the R d (i.e. the system damping) is negative when the corresponding X d is zero (i.e. at the resonance point). The system is stable in the following three conditions:
1) There is no resonance point in the system, which means the X d is positive or negative in the whole frequency range.
2) The R d is larger than zero in the whole frequency range which means the system damping is always positive. 3) The system has negative damping bands and there are resonance points in the system, but those resonance points are not located in the negative damping bands. In other words, R d is positive when the corresponding X d is zero. It is evident that X d and R d are both responsible for system harmonic instability. Thus, the interaction analysis in these two dimensions can reflect the influence of both the resonance point and the system damping, especially the former one. In addition, when parameters of each unit change, the variation rules of system characteristics including the variation of system damping and the location of the resonance point can be observed easily.
The interaction analysis using this method in an ideal grid without grid impendence is discussed as follows.
The parameters of the grid-connected inverter are the same as inverter 1 in Table 2 . Hence, the frequency characteristics of the real part and the imaginary part of Y oc (s) can be obtained as shown in Fig. 5 . The imaginary part of the output admittance of such LCL type inverter has two zero-crossing points in the low frequency band and it becomes less than zero when the real part has a negative value in a certain frequency band at the middle frequency band. Therefore, in an ideal power grid without grid impendence, where the global admittance equals to the inverter output admittance, there is no resonance point located in the frequency band where the real part is negative, indicating that the system is stable. The interaction analysis under different occasions are discussed in the following section IV-B to section IV-E. Fig. 6 illustrates the characteristics of output admittance of the inverter 1, grid admittance and global admittance under different grid impedance conditions.
B. DIFFERENT GRID IMPEDANCE
As can be seen in Fig. 6 <I>, when grid impedance is small (0.3mH), the imaginary part of global admittance has a zero-crossing point, indicating the appearance of the resonance point. However, due to the positive value of grid admittance, the real part of global admittance has no negative value. Therefore, the system is stable because of the positive damping of Y total at the resonance point.
It is shown in Fig. 6 <I> (b) that the imaginary part of the grid admittance increases with grid impedance (0.6mH), resulting in the decrease of the resonance point frequency. As the real part of grid admittance declines, the real part of global admittance reaches to a negative value in a certain frequency band, which means that the system exhibits a negative damping characteristic in this frequency band. Thus, the frequency of the resonance point is located in the negative frequency band of the real part, indicating the system instability.
The imaginary part of grid admittance increases continuously with an increasing of grid impedance (1.2mH) as shown in Fig. 6 <II>, resulting in a further decrease of the frequency of the resonance point. The real part of grid admittance further reduces, and the real part of global admittance is closer to the counterpart of the inverter output admittance, meaning that the negative frequency band of the real part extends and the amplitude is lower. However, since the frequency of the resonance point is not located at the band where the real part is negative, the system is stable.
It should be noticed that there might be multiple zerocrossing points of the imaginary part of global admittance. For example, the curve of imaginary part in Fig. 6 <II> (b) (the solid purple line)when L s equals to 1.2mH shows that there are two more zero-crossing points on the left side of the resonance point. The point where the value of the imaginary part changes from negative to positive is defined as the negative resonance point and the point where the value of the imaginary part changes from positive to negative is defined as the positive resonance point. It is clear that these two points are far from the negative damping zone of the real part, so the closest negative resonance point to such negative damping zone is the major resonance point which is around 1550Hz. Corresponding to the Nyquist criterion, these three points are interaction points of the Nyquist curve with the positive real axis and the closest point to the negative real axis determines the major characteristic. It should also be mentioned that similar to the Nyquist criterion, if there are multiple negative and positive resonance points in the negative damping zone, these two types of resonance point would cancel each other out and the last single negative resonance point the is the major resonance point.
C. DIFFERENT NUMBER OF GRID-CONNECTED INVERTERS
Stability analysis are carried out under different number of inverters, as shown in Fig. 7 . The inverter parameters are same as the inverter 1 in Table 2 .
Compared with only one inverter connected to the grid, when the number of inverters rises (three units), the absolute value of both the real part and imaginary part of output admittance of inverters increases. Therefore, the imaginary part of global admittance decreases, and consequently the resonance point frequency rises as shown in Fig. 7 <I> (b) . In addition, the real part of the global admittance has a constant negative damping band range, but the amplitude is lower. Since the frequency of the resonance point rises and is located at the negative damping band of the real part, the system becomes unstable.
A similar trend can be seen in Fig. 7 <II> (b) when the number of inverters continues to increase (eight units). The imaginary part of global admittance continues to decrease, and the frequency of the resonance point continues to rise. Besides, the negative damping range of the real part is unchanged, but the absolute value of negative damping continues to increase. However, since the frequency of the resonance point continues to rise and is not located in the negative damping band of the real part, the system becomes stable from unstable. 
D. DIFFERENT PARAMETERS OF CURRENT CONTROL LOOP
In this occasion, there are two inverters with different parameters connected to the grid and parameters are shown in Table 2 . The result of the comparison between different K p,1 , which are 17 and 18, of inverter 1 is depicted in Fig. 8 . Fig. 8 shows that with the increasing K p,1 , the imaginary part of inverter output admittance is slightly lower, resulting in a slight increase of resonant frequency. However, the real part of inverter output admittance decreases significantly, which means that the negative damping range is wider. The system becomes unstable as the resonance point is located in the negative damping range.
E. ADOPTION OF HARMONIC CONTROLLERS IN CURRENT CONTROL LOOP
It is true that the system may become unstable when employing multiple harmonic controllers [18] . The current controller is changed as: 5, 7, 9 K ih s s 2 + (hω 0 ) 2 (17) where K ih represents the gain of the harmonic controller, which is 2500 in this paper. Besides, K p is reduced as 5 to guarantee the stable operation for the system without harmonic controllers and other inverter parameters are the same as the inverter 1 as shown in Table 2 .
The system stability with three grid-connected inverters is analyzed in: (1) case 1, where the grid impedance is 1.2mH and the PFC is 600µF, (2) case 2, where the grid impedance is 1.8mH and the PFC is 600µF, (3) case 3, where the grid impedance is 1.2mH and there is no PFC device, and (4) case 4, where the grid impedance is 1.2mH and there is no PFC device but a resister load which is 10 is connected to the PCC.
As shown in Fig. 9 , the system is stable in case 1 and case 2 since the imaginary parts of Y total are larger than zero when the real parts are negative, which means that there is no resonance point in the negative damping band. In case 3, there is a zero-crossing point of the imaginary part in the negative band of the real part, which implies the system is unstable under this occasion and the resonant frequency is around 478 Hz. In case 4, there is also a resonance point yet the real part is larger than zero at this point due to the contribution of the resistor load. Thus, the system is stable in this case.
Overall, the typical characteristics of the harmonic instability problem for the grid-connected inverter system from the physical circuit perspective can be summarized as follows:
1) The increase of the grid impedance will cause the decrease of the resonant frequency, and the range as well as the absolute value of the negative damping band of the real part of global admittance will increase. 2) An increase in the number of parallel inverters causes the frequency of the resonance point to rise. The range of the negative damping band of the real part of global admittance is unchanged, but the absolute value increases.
3) The grid-connected inverter system will become unstable within a certain range of grid impedance and the number of inverters. The relationship between system stability and grid impedance as well as the number of paralleled units is complex instead of linear. 4) Increasing K p may cause the system instability is mainly because that the negative damping range of inverter output admittance is wider so that the resonance point is more likely to be located in such range. 5) Harmonic controllers may result in the system instability at the controlled frequency. The variation of passive components has different impacts on system stability such as the appearance of the resonance point and the change on system damping.
The contribution of the proposed approach are summarized as follows: 1) By dividing the global admittance (GA) into the real part and the imaginary part, the system can be regarded as a RLC resonance circuit. Thus, the analysis of harmonic stability with the classical control theory (using the argument principle) is transformed to the analysis in the physical circuit.
2) The consideration of the resonance point indicates that the system negative damping is only the necessary condition for the harmonic instability, while the resonance point located in the negative damping zone is the necessary and sufficient condition. It means that the negative damping zone and the resonant point both should be considered in the harmonic instability problem analysis, while previous articles normally focus on the former one and the latter one has not been given fully consideration. 3) The resonance suppression and the design of the inverter can be considered from two perspectives which are improving the system damping and relocating the system resonance point to the secure frequency range. In addition, moving the location of the resonance point just need to vary the system reactive power, meaning that the oscillation suppression method can be cooperated with the reactive power compensation method.
IV. SIMULATION AND EXPERIMENT VERIFICATION
A. SIMULATION VERIFICATION Fig. 10 <I> illustrates the simulation results for changes in grid impedance. The grid impedance is 0.3mH at first, and then varies to 0.6mH and 1.2mH at 0.06s and 0.17s respectively. The FFT analysis of the PCC voltage at the resonant stage is shown in Fig. 10 <I> (a) . The PCC voltage and the output current of the grid-connected inverter are shown in Fig. 10 <I> (b) and (c), respectively. It can be seen that the simulation results are correspond to the analysis results of Fig. 6 . The system becomes unstable when the grid impedance increases, but the system re-stabilizes after the grid impedance continues to increase. In addition, when system is unstable, the resonant frequency, which is around 1700Hz, can be observed from Fig. 6 . The same result can be obtained from Fig. 10 <I> (a) . Fig. 10 <II> shows the simulation results for different number of grid-connected inverters. One inverter is connected to the grid at first. Then, two inverters and the remaining five inverters are connected to the grid at 0.06 s and 0.12s, respectively. The FFT analysis of the PCC voltage at the resonant stage is shown in Fig. 10 <II> (a) . The PCC voltage and the total output current of grid-connected inverters are shown in Fig. 10 <II> (b) and (c), respectively. The simulation results are correspond to the analysis from Fig. 7 . With more paralleled inverters, the system become stable after destabilizing within a certain range.
Simulation results related to different K p of inverter 1 are shown in Fig. 10 <III>. K p,1 is set as 17 at first, and then is changed to 18 at 0.08s. It is apparent that the system become unstable when K p,1 increases, which agrees with the analysis in Fig. 8 . Fig. 11 shows the experiment platform which consists of three grid-connected inverters. The inductor, the resistor and the capacitor are used to change the state of the passive components. The controller of inverters is based on DSP (TMS320F28335) and FPGA (EP3C5). It should be noticed that the source voltage is measured for synchronization in order to avoid the influence of PLL, and the DC source is utilized in the DC side of inverters in order to avoid the influence of the outer control loop. Fig. 12 <I> shows the PCC voltage and the output current of total inverters when inverters are connected to the PCC and the variation of system between case 1 and case 2. It is obvious that the system is stable in case 1, where three inverters are connected to the grid as shown in Fig. 12 <I> (a) . In addition, the system remains stable when the grid impendence changes between 1.2mH and 1.8mH since there is no resonance point located at the negative band of the real part of global admittance, which agrees well with the analysis shown in Fig. 9 . It should be mentioned that the full view of Fig. 12 <I> (b) and (c) is same with the one in Fig. 12 <I> (a) and the full view of Fig. 12 <II> and <III> are shown only once as well for the same reason. Fig. 12 <II> depicts the PCC voltage and the output current of total inverters of the variation of system state between case 1 and case 3. It is evident, as shown in Fig. 12 <II> (a) , that the system becomes unstable when the PFC is cut from the PCC, which is mainly due to the appearance of the resonance point at the negative band of the real part of global admittance. The different stages of divergence are illustrated in Fig. 12 <II> (b) and (c), where the 9 th harmonic current can be observed and it matches with the analysis in Fig. 9 . Fig. 12 <III> (a) illustrates the PCC voltage and the output current of total inverters of the variation of the system state in case 3 and case 4, where the system become stable when the resister load is connected to the PCC and the system damping is positive at the resonance point. The result is also accordance with the analysis in Fig. 9 . One of stages of convergence and the stable state of case 4 are shown in Fig. 12 <III> (b) and (c) respectively.
B. EXPERIMENT VERIFICATION
In summary, the experimental results have verified the interaction analysis described in Section III-E, where four cases are discussed.
V. CONCLUSION
In this paper, the harmonic instability analysis and the interaction analysis for the multi-paralleled grid-connected inverter system have been studied. The comparison between the ratio type criterion and the sum type criterion has been carried out and it is found that the sum type criterion has more advantages for the interaction analysis. Further, the interaction analysis using global admittance in two frequency-domain dimensions has been conducted in this paper by separating the global admittance into the imaginary part and the real part. It shows that the harmonic instability depends not only on the real part, reflecting the system damping, but also on the imaginary part, which determines the resonance point. The appearance of the resonance point at the negative value band of the real part of global admittance is the essential factor for system instability while the grid impedance, the number of gridconnected inverters and the parameters of inverters can influence the location of the system resonance point. By analyzing specific features of two parts, the variation rules of system characteristics in different occasions have been summarized and it can provide specific guidance for future work such as resonance suppression and making stability-oriented design guidelines for the inverter. Finally, time-domain simulations and the experimental tests have been carried out. The results have confirmed the validity of the proposed approach.
